Abstract-This paper presents modeling of the complex permeability spectra, fabrication and a wide frequency range characterization of a toroidal LTCC ferrite sample. A commercial ferrite tape ESL 40012 is used, and standard LTCC (Low Temperature Co-fired Ceramic) processing has been applied to the sample fabrication. The characterization was performed using a short coaxial sample holder and a vector network analyzer in the frequency range from 300 kHz to 1 GHz, at different temperatures. Using the model of the complex permeability spectra dispersion parameters of ferrite LTCC material has been determined for various temperatures. Characteristics of test samples are compared with modeled results and commercially available toroid made of similar NiZn ferrite material.
INTRODUCTION
A magnetic permeability characterization is very important for ferrite component design. Knowledge of this parameter can be applied to circuit design and wave transmission calculations. The important radio and microwave magnetic materials are mainly thin films and nonconductor forms such as powdered-iron suspensions and ferrites. These materials have many important properties and require different measurements for their characterization.
The measurement of ferrite permeability is necessary for engineers to design and choose ferrite properly. The inductance of ferrite core inductors depends not only on the number or geometry of winding wires, but also on the permeability of the ferrite core. However, at high frequencies direct measurement of the permeability is difficult. The commonly used methods for magnetic material determination are the transmission/reflection method [1] [2] [3] [4] [5] [6] [7] , equivalent circuit model method [8, 9] and resonant method [10] .
In [8] , the frequency dependent RLC equivalent circuit parameters (impedance, resonant frequency, resonant impedance and quality factor), as well as the effective permeability of the ferrite core, are extracted from measurement. It is assumed that the capacitance of the equivalent circuit is invariant with frequency. The impedance measurement is accomplished using an impedance analyzer. Another extraction method presented in [9] requires the assumption that the inductance of the equivalent circuit does not change significantly with frequency when the frequency is lower than the roll off frequency of core permeability. The equivalent circuit parameters of the inductor were then derived by measuring the resonant frequencies of two different inductor circuits which resonant frequencies are close to each other. Due to the assumptions mentioned above, the upper frequency limitation of this method is the inductor's self-resonant frequency. The measurements must be accomplished using both a network analyzer and RF LCR meter.
When we need to determine the relative permeability in high frequency range extending to 1 GHz or even higher we used a vector network analyzer (VNA) and a coaxial sample holder [11, 12] . A simple experimental method to determine the initial complex permeability of the toroidal type ferrite core using thoroughly designed fixtures is introduced. With the ferrite core installed in a shorted coaxial line, the fixture forms a one turn inductor or a shorted transmission line with distributed parameters. The relative permeability of the ferrite can then be extracted from S 11 of the coaxial test holder with the aid of the vector network analyzer. Also, described detailed compensation process is similar to the method presented in [13] . A coaxial measurement cell usually consists of specially shaped composite geometry partially filled with material sample [14] [15] [16] . Coaxial discontinuity structures are widely used as an element of microwave devices and commonly used in the permeability and/or permittivity measurement for materials [17] .
The intrinsic complex permeability is the critical parameter for optimized design, especially in the high-frequency applications. In order to achieve better performance of ferrite components, the possibility of their production in LTCC technology [18] [19] [20] [21] is quite attractive from a system design and manufacturing point of view. For the design of LTCC ferrite components such as EMI filters inductors and transformers, it is important to be familiar with real and imaginary parts of the complex permeability of LTCC tape [22] [23] [24] . The magnetometer setup in [22] consists of a coplanar transmission line on a low-loss printed circuit board with two coils to ground. The ferrite sample is used as core in the coils. From an S-parameter transmission measurement of the circuit without and with the ferrite sample the quotient of the empty and filled coil impedances can be calculated. Magnetic permeability of NiZn-ferrite measured on unconstrained sintered rings, constrained sintered ferrite in a LTCC stack with Dupont 951 and susceptibility measured on cubes for the sintering temperatures of 940 • C. In [23] , LTCC ferrite combined with screen printable silver conductor and low permeability dielectric produce small, low power, low profile transformers -with no wire or discrete core. The resulting transformers can be used for power applications under 1 W that require galvanic isolation. Typical applications include isolated power for sensors, RS-232 or 485 circuits, data acquisition and even digitally-interfaced modems. In [24] , only frequency variation of the complex permeability modulus of ferrite tape ESL 40010 is demonstrated, but variation of the real and imaginary parts of the complex permeability is not presented.
Frequency variation of the real and imaginary parts of the complex permeability of ferrite LTCC materials obtained by the short coaxial line method is presented in this paper. A theoretical dispersion model of complex permeability is given in Section 2. The experimental technique for measuring the complex permeability of the toroidal sample, based on the short coaxial line method in the frequency range from 300 kHz to 1 GHz is presented in Section 3. The designed sample was fabricated in the standard LTCC technology. A simple holder method for high frequency measurement of S-parameters of toroidal magnetic samples is shown in Section 4. In Section 5, the determination of the complex permeability spectra for ferrite LTCC tape ESL 40012 [25] is presented. For better overview of test sample characteristics, in Section 6, LTCC toroid parameters are compared to parameters of commercial available ferrite core. A short summary of obtained results and conclusion is presented in Section 7.
THEORETICAL DISPERSION MODEL
Complex permeability of ferrites is important factor and many investigations have been carried out in experimental and theoretical bases, [26] [27] [28] . In the frequency range from RF to microwave, the permeability spectra of ferrite materials can be characterized by different magnetizing mechanisms domain-wall motion, magnetization rotation, and gyromagnetic spin rotation.
It is well-known that permeability spectra of polycrystalline ferrites can be decomposed into a spin rotational component χ spin and domain wall component χ dw.
The spin rotational component is of relaxation type (due to large damping factor of spin rotation in the ferrite), and its dispersion is inversely proportional to the frequency. The domain wall component is of resonance type and depends on the square of frequency. Each component can be shown, as in [27] , in the following form
where ω is the operating frequency; K spin is the static spin susceptibility; ω res spin is the spin resonance frequency; K dw is the static susceptibility of domain wall motion; ω res dw is the domain wall resonance frequency; β is the damping factor of the domain wall motion. If Equations (2) and (3) have been included in (1), and real and imaginary parts of permeability have been separated, they can be expressed as
That means that complete permeability spectra can be described by the superposition of spin rotation and domain wall motion components. In this paper, dispersion parameters K spin , ω res spin , K dw , ω res dw and β can be determined by numerical fitting of the measurement obtained µ and µ spectra to Equations (4) and (5).
MEASUREMENT TECHNIQUE
In this paper, in order to determine the complex permeability of toroidal-shape samples, measurements of S-parameters have been performed using the E5071B Agilent Technology vector network analyzer. A coaxial line method is the most commonly used method [11, 12] for high frequency measurement of complex permeability. For this purpose a coaxial line cell has been used. The sample holder consists of a conductive shield surrounding the central conductor, which terminates in short circuit, as can be seen in Figure 1 . The holder has 50 Ω characteristic impedance and is terminated with a standard APC-7 connector. The short circuit produces a maximum magnetic field and a minimum electric field near the sample, thus making the short circuit technique particularly suite for the measurement of permeability of the test sample. The medium between the inner and outer conductors of the cell is air. The height b of the outer conductor is 24,5 mm, which obeys the condition b < λ/4 for maximal frequency (f = 1 GHz) in order to avoid the λ/4 resonant effect.
The coaxial sample holder (with and without sample) is connected to the calibrated network analyzer through the 50 Ω coaxial cable. The analyzer supplies an electromagnetic wave propagating in a Transverse Electro-Magnetic (TEM) mode. The reflection coefficient is measured, permitting the determination of the input impedance of the cell with sample. Equation for determination of the complex permeability of the holder equipped with the test sample is derived in [29] . Since the construction of this holder creates one turn around the toroid (see Figure 1) , the complex magnetic flux of the measured circuit including the ring core is given by the equatioñ
By dividing the surfaces of cross section into the holder complex flux density is given by Equation (6), where B presents the complex phasor-vector of magnetic flux density; µ 0 stands for the permeability of free space; µ r is the relative permeability of sample; I is the complex phasor of harmonic time-dependent electrical current i(t).
The magnetic flux of measured circuit is theñ
and the complex susceptibility of the sample under test is given by equationχ
whereΦ air is a magnetic flux when ferrite core is not mounted in the holderΦ
The measured complex impedance Z of an equivalent electric circuit of the cell loaded with the ferrite core shown in Figure 1 can be defined asZ = R + jωL = jωΦ/I. Instead of fluxesΦ andΦ air in Equation (8) corresponding complex impedanceZ andZ air measured with and without magnetic core respectively can be used
where d 1 and d 2 denote the inner and outer diameters of the toroid, respectively. h is the height of the toroid, and f is the frequency of applied electromagnetic field. The complex permeability is therefore calculated from the difference between the impedance of the cell loaded with the toroidal sample and that without it. The vector network analyzer measures the complex scatter parameter S 11 , which is related to the input impedance of the cell (with or without sample) according to the following equationZ
where Z 0 = 50 Ω is the characteristic impedance of the 7 mm test port. The loss tangent can be calculated as the ratio between the imaginary and real parts of complex permeability
FABRICATION AND EXPERIMENTAL CHARACTERIZATION
The sample was fabricated using the standard LTCC technology, following all conventional steps for its realization. The commercial ferrite tape ESL 40012 [25] was used for the sample fabrication, implementing structuring of tapes by means of laser micro-machining, laminating and co-firing the stack of 62 LTCC tape layers. Isostatic lamination of the collated layers was performed at a pressure of 120 bars, for 5 minutes. Firing of the laminated stack has been conducted in a high temperature box furnace at a peak temperature of 885 • C and a total firing cycle time of 16 hours. The finalized sample is presented in Figure 2 . Dimensions of the ferrite sample are: inner diameter 4 mm, outer diameter 6,6 mm and height 3 mm. The S 11 parameters are obtained through measurement with the vector network analyzer Agilent E5071B. The original coaxial line holder HP 04191-85302 was used. In comparison with some other coaxial techniques that are widely used [1] [2] [3] [4] [5] [6] , elimination of undesirable influences, such as optimization and phase compensation, is not needed. Permeability of the test sample can be obtained by measuring the input impedance differences between the short coaxial sample holder loaded with a toroidal sample and that without it.
To validate the test accuracy and effectiveness of the proposed technique, a toroidal type Teflon sample (dimension: inner diameter 4 mm, outer diameter 6,6 mm and height 3 mm) was measured using coaxial line method, as shown in Figure 3 . It can be seen that the coaxial line method achieve satisfactory accuracy below 1 GHz.
Real and imaginary parts of scattering parameter S 11 are measured with LTCC ferrite sample (Re(S 11 ), Im(S 11 )) and without sample (Re0(S 11 ), Im0(S 11 )), Figure 4 , in frequency range from 300 kHz to 1 GHz.
Complex permeability is calculated from measured S-parameters using Equations (10) and (11) . Real and imaginary parts of ESL 40012 permeability are depicted in Figure 5 .
The maximum value (700) of the real part of permeability is at 2,1 MHz. The imaginary part of permeability reaches its maximum value (330) at 7 MHz. Intersection of these two characteristics is at 9,3 MHz.
Permeability modulus is presented in Figure 6 and its peak is 708 at 2,5 MHz. Using Equation (12) the loss tangent is calculated and presented in Figure 7 .
To support measured results a reference measurement was performed at low frequency (10 kHz-1000 kHz) using a simpler LCZ meter (HP 4277) and discrete turns of wire, [12] , Figure 8 . This approach has some major disadvantages. First, since the measurement is based on a handmade inductor, measurement results are affected by how an inductor is made. If many core samples are measured, repeatability can be a problem due to variation of coil winding.
The measured results in Figure 5 (VNA) have good agreement with characteristics presented Figure 8 (LCZ), in frequency range from 300 kHz to 1 MHz.
Technically, maximal operating temperature of ferrite material is its sintering temperature, i.e., the temperature at which the ferrite becomes reactive with the oxygen (usually in the around 900 • C). We can conclude from the above mentioned fact that ferrite materials could be the best choice for the devices that operate on high temperatures. However, some limitations should be taken into account, such as: Curie temperature, thermal shock and temperature variation of losses, permeability and magnetic flux saturation. The Curie temperature is typically between 140 • C and 300 • C for soft ferrites.
Many ferrite features depend on temperature variation such as permeability. Because of that, additional permeability measurements were performed in the same frequency range, but at various temperatures. Figure 9 shows variation of real and imaginary parts of the permeability spectra with temperature (at 27 • C, 50 • C, 70 • C, 100 • C, and 120 • C) for ESL 40012.
It was found that the real part of the permeability Re(µ) increases with rising temperature up to 70 • C and after 100 • C starts to decrease. Imaginary part of the permeability Im(µ) slightly increase at 50 • C but after 70 • C it start to decrease with increasing temperature.
DETERMINATION OF THE COMPLEX PERMEABILITY SPECTRA
Using the developed model, all dispersion parameters can be determined by numerical fitting to specified curves. For faster determination of dispersion parameters special software was developed.
Developed software tool offers the possibility of quick determination of dispersion parameters by comparing fitted permeability characteristic with measured permeability characteristic. Results of fitting, with developed software, are presented in Figure 10 , where Re(µ)m and Im(µ)m are measured real and imaginary parts of permeability; Re(µ) and Im(µ) are fitted real and imaginary parts of permeability; Re(µsp) and Im(µsp) are real and imaginary parts of spin permeability; Re(µdw) and Im(µdw) are real and imaginary parts of domain wall For further analysis with the proposed model, the dispersion parameters are determined at various temperatures. Table 1 shows fitted values of dispersion parameters, which coincide the best with experimental curves given in Figure 9 .
Temperature dependence of Re(µ) and Im(µ) with fitted charachteristic are presented in Figure 11 . Fitted charachteristic have good match with measured charachteristic up to 120 • C. At higher temperatures, fitted characteristic are possible to match with measured characteristic and determine dispersion parameters at frequency of interest.
COMPARISON OF LTCC AND CONVENTIONAL FERITE CORE
For further analysis, the LTCC ferrite toroid was compared with conventional ferrite core Neosid F19, [30] .
This conventional, commercially available, ferite core was chosen for comparison with LTCC core because it is based on the same material, nickel-zinc ferrite.
As can be seen from presented graphs Figures 12 and 13 , F19 core have greater value of permeability, but ESL 40012 can also be used at higher frequency and temperature. (a) (b) Figure 13 . Temperature variation of Im(µ) for LTCC core (a) and conventional F19 core (b).
CONCLUSION
This paper presents for the first time the characterization of a ferrite toroid sample of ESL 40012 LTCC ferrite tape, in the wide frequency range at various temperatures. A dispersion model for a better characterization of material was presented. The sample was fabricated with the conventional LTCC technology. The complex permeability of the toroidal sample was determined using a short circuit coaxial sample holder and vector network analyzer. Obtained measurement results show good agreement when they are compared with available catalog characteristics (permeability at 100 kHz is higher than 450). In addition, permeability was determined at various temperatures. Based on the dispersion model special software for determination of dispersion parameters was developed. Dispersion parameters are determined by numerical fitting of the obtained experimental results. Also, comparison with commercial available ferrite core was made. All results show good agreement with measured values.
